During the 1960s, small quantities of radioactive materials were co-disposed with chemical waste at the Little Forest Legacy Site (LFLS, Sydney, Australia). The microbial function and population dynamics during a rainfall event using shotgun metagenomics has been previously investigated. This revealed a broad abundance of candidate and potentially undescribed taxa in this iron-rich, radionuclide-contaminated environment.
Introduction
The Little Forest Burial Ground, now termed the Little Forest Legacy Site (LFLS), was a low level radioactive waste (LLRW) disposal site active between 1960 and 1968. During this period, small quantities of both short and long-lived radionuclides (including plutonium and americium) were disposed of in three-metre deep, unlined trenches, as was common practice at the time [1] . Although the waste material was overtopped with locally sourced geological fill, the legacy trenches remain to this day orders of magnitude more porous than the surrounding clay and shale strata. Consequently, during extended rainfall events, atmospheric and surface waters fill up the legacy trenches and periodically (depending on preceding conditions) result in the trench water discharging into the surface and near-surface soils in a 'bath-tub'-like mechanism [2] . This mechanism has been proposed as a major process for exporting plutonium and americium from the legacy trenches [2] .
Frequent filling and discharge events within the LFLS trenches and changes to the redox conditions affect the chemistry as well as the resident microbial community [3] . When oxygen-laden rainwater enters the trenches, the predominantly reducing redox conditions of the trench water switch to being partially oxic, altering a range of biogeochemical processes which impact upon contaminant mobility [3] . Repeated redox oscillations in mesocosm-like experiments across a range of depositional environments have been shown to alter iron and sulfur mineral phase solubility and crystallinity [4, 5] , processes closely coupled to organic carbon mineralisation [6] that lead to variable rates of entrained contaminant mobilisation and retardation [7, 8] .
The domain Archaea constitutes by far the most understudied domain of life. Archaea have been traditionally regarded as biological oddities and marginal players in the global geochemical elemental cycles, with most living in extreme environments [9] . However, the continuous development of cultivation-independent techniques in recent decades has completely changed this conception. For example, Thaumarchaeota Archaea are known now to be key elements in the global nitrogen cycle [10] and can even induce systemic resistance to pathogens in plants [11] ; Euryarchaeota capable of anaerobic oxidation of methane (AOM) may consume up to 80-90% of the methane produced in environments such as rice fields and ocean floors before it is released into the atmosphere [12] . Our previous research showed that the archaeal community in the LFLS trenches was mainly composed of methanogens and anaerobic methane oxidisers (ANME-2d) from the Methanomicrobia class and DPANN archaea [3] . While they constituted a minor component of the community, they still may have an important role in facilitating redox cycling and therefore impacting upon contaminant mobilisation.
Here we describe the analysis of 37 new archaeal genomes with different degrees of completeness, derived from samples collected in a legacy radioactive waste trench at the LFLS during a redox cycling event. We present evidence of four new DPANN lineages and six non-conspecific Methanoperedens sp. genomes, while exploring their potential role in the biogeochemical cycles and uniqueness.
Material and Methods

Data source and experimental details
Raw sequencing reads from ENA project PRJEB14718 [3] were reanalysed, this time using genome-based metagenomic methodologies in order to better understand the contributions of the Archaea in the LFLS groundwater to the biogeochemistry of the site. Briefly, samples were collected in triplicate over a period of 47 days at 4 time-points (0, 4, 21 and 47 days) after an intense rainfall event that completely filled the trench. Thorough chemical and radiochemical analyses were conducted on the samples in order to understand the biogeochemistry of the site [3] . Over this time period, the redox conditions became increasingly reducing/anoxic and it was reflected in both the chemical analyses and the community profile, with a clear increase in obligate anaerobes on days 21 and 47 [3] .
Recovery and assessment of community genomes QC and pre-processing of raw sequencing reads were performed with Trim Galore! (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Co-assembly of the trimmed reads from all samples was performed with MEGAHIT v1.0.2 [13, 14] .
Contigs >2.5kbp were binned with CONCOCT [15] within Anvi'o v2.3 [16] . Bins of archaeal origin were manually refined. Completeness and redundancy were estimated with Anvi'o single copy gene (SCG) collection, based on Rinke et al. [17] as well as with CheckM v1.0.13 [18] . Further details are available in the Supplementary Information (SI).
Phylogenomics and phylogenetics
Prodigal v2.6.3 (-p meta) was used to predict proteins from the archaeal bins and 242 archaeal reference genomes (Table S1 ). Predicted proteins were assigned to archaeal Clusters of Orthologous Groups (arCOGs) using the arNOG database of eggNOG v4.5.1 [19] using eggNOG-mapper v0.99.2 [20] . An original set of 44 arCOGs (rp44 , Table S2 ) combining universal and archaeal-specific ribosomal proteins was created for the phylogenomic analysis based, to some extent, on Yutin et al. [21] . Further details are provided in SI.
Ribosomal proteins were individually aligned with MAFFT-L-INS-i v7.305b [22] and concatenated.
Concatenated alignment was trimmed with BMGE v1.2 [23] based on [24] . The concatenated archaeal protein tree was constructed using the posterior mean site frequency (PMSF) model [25] in IQ-TREE v1.5.5 [26] , using a base tree built under an LG model and a final tree under LG+C60+F+I+G with 1000 ultrafast bootstrap replicates [27] .
Phylogeny of NarG-like proteins was created using as reference all proteins (416) from related orthologous groups from the EggNOG database, i.e.: arCOG01497, ENOG4102T1R, ENOG4102TDC, ENOG4105CRU and ENOG4108JIG. Protein sequences were clustered with CD-HIT v4.6 [28] and aligned with MAFFT-L-INS-i v7.305b [22] . Alignment was trimmed with BMGE
Functional annotation
In addition to arCOGs, predicted proteomes were profiled with InterProScan v5.25-64.0 [29] . Key biogeochemical enzymes were identified based on signature hmm profiles in the InterProScan output or by custom hmm profiles not integrated in available databases [30, 31] . Custom hmm profiles were searched with HMMER v3.1b2 (-E 1e-20) [32] . Proteins with single HMMER matches below previously established thresholds [30, 31] were searched against Swissprot and checked against the InterProScan results to reduce the incidence of false negatives.
High-heme cytochromes (≥10 binding sites per protein) were predicted using a modified motif_search.py script (https://github.com/alexherns/biotite-scripts) that uses CX (1, 4) CH as well as the canonical CXXCH heme-binding motif.
Carbohydrate-active enzymes were searched locally with hmmscan (HMMER v3.1b2) [32] using the CAZy-based [33] hmm library v5 from dbCAN [34] .
Peptidases/proteases and transporters were annotated by similarity search of the predicted proteins (blastp) against the MEROPS database v11.0 [35] and TCDB (downloaded on 12 July 2018) [36] , respectively.
The subcellular location of the proteins was predicted with PSORTb v3.0.6 [37] . Prediction of tRNA and rRNA genes was performed with tRNAscan-SE 2.0 [38] and Barrnap v0.9 (https://github.com/tseemann/barrnap) respectively.
Genome annotation
Metagenome assembled genomes were annotated with Prokka v1.12 [39] . Annotations were imported into PathwayTools v22.0 [40] for modelling. Selected proteomes were also submitted to GhostKOALA for KEGG annotation [41, 42] .
Pangenomic analyses
Pangenomic analysis of the found 'Ca. Methanoperedens spp.' genomes, as well as the nearly complete genomes of 'Ca. M. nitroreducens' ANME-2D (JMIY00000000.1) [29] , 'Ca. M. ferrireducens' (PQAS00000000.1) [43] , 'Ca. M. nitroreducens' BLZ1 (also known as MPEBLZ) (LKCM00000000.1) [44] , and 'Ca. M. nitroreducens' Vercelli (GCA_900196725.1) [45] , was performed with Anvi'o v5.4.0 [16] following the standard pangenomics workflow (http://merenlab.org/2016/11/08/pangenomics-v2). Protein-coding genes were clustered with an MCL inflation value of 6 [46] . Note that neither 'Ca. M. nitroreducens' BLZ1 or 'Ca. M. nitroreducens' Vercelli are actual 'Ca. M. nitroreducens' based on ANI/AAI values and therefore we will refer to them as 'Ca. Methanoperedens sp.' BLZ1 and 'Ca. Methanoperedens sp.' Vercelli respectively to avoid confusion. New species names for these two MAGs are proposed in the SI.
For the pangenomic analysis of the LFWA-III lineage, only genomes ≥ 70%C from the rp44 dataset were considered, i.e. 6 newly obtained and 2 from references. Protein-coding genes were clustered with an MCL inflation values of 1.0, 1.5 and 2.0 [46] . Average Nucleotide Identity (ANI) and Average Amino acid Identity (AAI) were calculated with pyani [47] and CompareM v0.0.23 (https://github.com/dparks1134/CompareM) respectively, for both the Methanoperedens and LFWA-III genome datasets.
Proposed taxa
Proposed species and genera were registered in the Digital Protologue (http://imedea.uibcsic.es/dprotologue). Details on etymology, nomenclature and Digital Protologue registration numbers can be found in Table S3 . Additional nomenclatural proposal changes above genus level are described in the Supplementary Information (see Nomenclatural novelties section). A summary of the proposed candidate species can be found in Table 1 .
Data availability
Annotated assemblies are available at ENA under project PRJEB21808 and sample identifiers ERS2655284-ERS2655320. See details in Table S4 . The output of the different analyses, including the reference genomes, are available at Zenodo (doi:10.5281/zenodo.3365725).
The methods section is described in further detail in the SI.
Results and Discussion
Binning results and archaeal community De novo assembly and binning from LFLS trench subsurface water samples [3] Table   2 ).
Phylogeny based on the 44 concatenated ribosomal proteins ( Figure 1 ) showed that most metagenome assembled genomes (MAGs) belonged to diverse DPANN lineages and Methanomicrobia (Methanoperedenaceae and Methanotrichaceae) ( Table 2 ). Phylogenomic analysis based on the rp44 ( Figure 1 ) showed a tree topology largely consistent with current studies, e.g. Asgardarchaeota as sister lineage to TACK and Altiarchaeota as sister to DPANN [9, 48] . Most high level branches showed UF bootstrap support values >90%, with the exception of the very basal Euryarchaeota, which is known to be difficult to resolve [49] . The position of the MAGs in the archaeal phylogeny, together with the 16S rRNA gene identities with described or proposed taxa, suggest four new lineages ( Figure   1 ), denoted LFWA-I to -IV. LFWA-I lineage is a sister lineage to Parvarchaeota (ARMAN-4 and 5) [50, 51] and contains a unique MAG, LFW-252_1 ('Ca. Tiddalikarchaeum anstoanum'). LFWA-II is sister to the Micrarchaeota+LFWA-III clade and contains two MAGs, including the type LFW-144_1 ('Ca. Wianamattarchaeum fermentum'). LFWA-III is the closest branch to Micrarchaeota s. stricto, contains 11 MAGs from this work and is typified by LFW-121_3 ('Ca. Gugararchaeum adminiculabundum'). Lastly, LFWA-IV is the closest relative to Aenigmarchaeota, containing an unnamed MAG, LFW-46 (missing all rRNA genes aside from a partial 5S). In a way to honour the traditional owners of the land where LFLS is based, many of the nomenclatural novelties proposed are based on terms from Aboriginal languages related to the site (Guringai and Dharawal), see Table S3 and SI.
During the drafting of this manuscript, a genome-based taxonomy was developed for Bacteria and Archaea (GTDB) [52] . Based on the GTDB (r89), LFWA-I would correspond to the order/family "o__CG07-land; f__CG07-land" (class Nanoarchaeia); LFWA-II, to "o__UBA8480" (class Micrarchaeia); LFWA-III, primarily to "o__UBA10214" (class Micrarcheia); and, LFWA-IV could remain a new class within the yet-to-be-named phylum "p__EX4484-52".
The lineage LFWA-III was the most diverse of all Archaea encountered at LFLS with 11 bins belonging to 10 different genera based on AAI values (Tables S6 and S7 ). While this lineage contains the expected conserved SCG in their putative core genome (178-184 gene clusters), it included barely any other gene clusters ( Figure 2 and Table S8 ). This was also evident with regard to the singletons: >89% of the gene clusters were singletons covering >66% of all protein-coding genes, regardless of the inflation values used for clustering. The large proportion of singletons relates to the presumably fast evolutionary rates in DPANN Archaea [9] though the core genes appear to be far less affected as evidenced by their absence in the cloud or singleton pangenome gene sets.
The occurrence of methanogenic bins (3) from the Methanotrichaceae family (previously indicated to be the illegitimate Methanosaetaceae [3] ) were principally, and unsurprisingly, detected during the highly anoxic phase (117-147 mV Standard Hydrogen Electrode). More interestingly, though, was the recovery of MAGs belonging to the genus 'Ca. Methanoperedens' (simply Methanoperedens from here on) a group of Archaea capable of AOM, previously known as ANME-2d [53] or AAA (AOMassociated Archaea) [54] . A total of six MAGs were assembled in this study, four ≥ 90%C. Each of these MAGs belong to different species based on ANI and AAI scores (Figure 3 , Tables S9 and S10), constituting the most diverse set of Methanoperedens spp. genomes reconstructed to date in a single study, and all different to previously sequenced MAGs.
Based on coverage information, DPANN bins, especially those from the Pacearchaeota and LFWA-III groups, dominated the archaeal community with a maximum relative abundance of 82.5% of the entire archaeal community by day 4 (Table S11 ). Euryarchaeota bins (Methanotrichaceae and, especially, Methanoperedenaceae) do not become an important constituent prior to day 47, when all Euryarchaeota account for 42.8% of the archaeal community. Our previous analysis indicated that DPANN constituted a maximum of 55.8% of the archaeal community [3] . This discrepancy could be an artefact derived from the different copy numbers of rRNA gene clusters in most DPANN (likely limited to one) compared to other Archaea with more typically-sized genomes containing multiple copies of the operon.
Carbon metabolism
The central carbon metabolism of the majority of Archaea in the LFLS trench waters was either hostdependent glycolytic/fermentative (DPANN) or methane cycling-related (methanogens and AOM).
The predominant glycolytic pathway was suggested to be the Embden-Meyerhof-Parnas pathway, based on the lack of 2-keto-3-deoxygluconate kinase (KDG kinase) and 2-keto-3-deoxy-6phosphogluconate aldolase (KDPG aldolase), along with the absence of key Entner-Doudoroff pathway-enzymes in every MAG, excluding LFW-68_2.
Extracellular CAZymes in the archaeal bins were diverse: a total of 12 different glycoside hydrolase (GH), 9 carbohydrate binding module (CBM), 5 carbohydrate esterase (CE), and 3 polysaccharide lyase (PL) families were detected (Table S12 ). Proteins containing CBM from the CBM40 and CBM44 families were especially abundant.
Interestingly, within LFW-68_2, a total of 19 extracellular proteins were predicted to contain a CBM44 domain and 18 of those also contained a polycystic kidney disease (PKD) domain (Table   S13) [57] . However, it is likely that most of the CBM44-PKD containing proteins (12 out of the 18) are acting as proteases rather than on carbohydrates, given their similarity with proteases in the MEROPS database, mainly M09B (Table S13 ). Further details into the detritivorous/proteolytic lifestyle of LFW-68_2 are explored in the Protein degradation / catabolism section.
Fixing carbon… or not
To date, there are six known pathways for the autotrophic fixation of CO 2 , yet the Calvin-Benson-Bassham (CBB) cycle, with RuBisCO as key enzyme, remains the most widespread pathway [58] .
RuBisCO forms II/III, III and IV (RuBisCO-like proteins) were detected in 22 of the 37 MAGs (see summary of biogeochemical markers on Table S14 ). Despite their names, these types of RuBisCO are not necessarily linked with self-sufficient carbon fixation through the CBB cycle [59] . The main pathways for the autotrophic fixation of CO 2 in LFLS was the reductive acetyl-CoA pathway (Wood Ljungdahl pathway). This was detected in all methanogen and methane oxidising MAGs, at least partially. See SI for further discussion.
The biosynthesis of polyhydroxyalkanoates is a common feature of Methanoperedens spp.
Polyhydroxyalkanoates (PHA) are carbon-rich, energetic polymers that result from the polymerisation of hydroxyalkanoates, e.g. 3-hydroxybutyrate, produced by numerous microorganisms under unfavourable conditions, particularly in association with unbalanced nutrient levels [60, 61] . The biosynthesis of PHA is a widespread characteristic in many groups of aerobic Bacteria, including photosynthetic [58] and methanotrophic bacteria [59] . However, very few strict anaerobes are able to synthesise PHA, being mostly limited to syntrophic bacteria [60] . Genes involved in the biosynthesis of polyhydroxyalkanoates (PHA) were detected in three of the most complete Methanoperedens spp. genomes, i.e. LFW-24, LFW-280_3_1 and LFW-280_3_2, as well as in the Thaumarchaeota LFW-283_4_5 (Table S14 ).
In Methanoperedens spp., the genes associated with the biosynthesis of PHA appear grouped as a well conserved gene cluster ( Figure 4A ). In Archaea, the biosynthesis of PHA is known to occur, mainly, in many Nitrososphaerales (Thaumarchaeota) [62] and Euryarchaeota, where it has been traditionally limited to Halobacteria [63] . Although not explicitly reported in their respective manuscripts, PhaC (PHA synthase type III heterodimeric, TIGR01836) and PhaE (PHA synthase subunit E, PF09712) were predicted in all the Methanoperedens reference genomes included in this study [43] [44] [45] 64] , and it was not until 2019 that experimental evidence was generated for the production of PHA by Methanoperedens nitroreducens [65] . However, while all PhaC proteins form a gene cluster in the pangenome analysis, the PhaE do not (Figure 3 ). This could be related to their function: PhaC is a catalytic protein while PhaE 'simply' regulates PhaC [63] , so any sequence modifications in PhaC might have a more critical effect on the biosynthesis of PHA. Both proteins, PhaC and PhaE have also been predicted in three of the most complete new genomes in the present study (LFW-24, LFW-280_3_1 and LFWA-280_3_2). This suggests that the biosynthesis of PHA could be a widespread feature in Methanoperedens spp. or even in all Methanoperedenaceae, indicating a possible, generalised, role in the accumulation of excess carbon at times when the carbon source (methane) is much more abundant than other nutrients and/or trace elements [66] .
It has been estimated that the anaerobic methane oxidisers may consume up to 80-90% of the methane produced in certain environments avoiding its release to the atmosphere [12] . The capacity of Methanoperedens spp. to accumulate PHA might have implications for the calculation of these estimates. The inference being that methane would not solely be used for energy production or to increase cell numbers, and that Methanoperedens spp. could act as a 'carbon-capture' device, especially within carbon-rich anoxic environments whenever they are the main anaerobic methane oxidisers. This would likely be the case for the LFLS test trench, where ammonium, nitrate/nitrite and total dissolved nitrogen are limiting.
Methanoperedens spp. acquired respiratory nitrate reductases at least three different times Methanoperedenaceae archaea have been reported (or at least suggested) to be able to utilise a wide range of inorganic electron acceptors for AOM, e.g. nitrate [64] , nitrite [44] , Fe(III) [43, 67] , Mn(IV) [67] or even Cr(VI) [68] . The type species of the genus Methanoperedens, 'Ca. Methanoperedens nitroreducens', receives its name due to its ability to use nitrate as an electron acceptor [64] . However, the alpha subunit of this candidate respiratory nitrate reductase (NarG Mn ) is a molybdopterin oxidoreductase different from any canonical or putative NarG, with no match with TIGRFAM, CDD or Pfam profiles characteristic of these proteins. The NarG Mn does not belong to the same orthologous group alongside other typical archaeal NarG (arCOG01497), but to ENOG4102T1R, which includes the well-characterised "dimethyl sulfoxide reductase subunit A" (DmsA) of several Halobacteria. The NarG Mn has a high similarity (>80%) with proteins from both Methanoperedens sp. BLZ1 (NarG1 MBLZ1 ) and Methanoperedens sp. Vercelli (NarG MV ), and relates to the nitrite reductases of Nitrospira defluvii ( Figure 5 ). While Methanoperedens sp. Vercelli and M. nitroreducens have only this unusual NarG, Methanoperedens sp. BLZ1 harbours an additional, unrelated, canonical NarG (NarG2 MBLZ1 ) based on the detection by the TIGRFAM profile (TIGR01580, arCOG01497). All the Methanoperedens spp. found at LFLS have similar putative NarG LFLS , not present in the other genomes, that belong to arCOG01497 and are identified as TIGR03479 (DMSO reductase family type II enzyme, molybdopterin subunit). Interestingly, the putative NarG LFLS not only relates to the NarG from Haloferax mediterranei (I3R9M9) [61] and other Halobacteria, but also to the PcrA of Dechloromonas aromatica and Azospira oryzae (previously known as Dechlorosoma suillum strain PS) [62] . It is worth mentioning that several of the NarG related to NarG LFLS have been confirmed to have certain promiscuity ( Figure 5 ) and known to be able to use (per)chlorate as substrate in vivo [69, 70] . Although it is close to impossible to predict the actual potential substrates of the NarG LFLS (or PcrA LFLS ), the phylogenetic analysis is, at least, suggestive of the potential utilisation of (per)chlorate.
However, no chlorite dismutase gene was found in any of the LFLS Methanoperedens spp. genomes, raising some uncertainty about this possibility.
Based on the observations made above, nitrate reductase(-like) enzymes are rather widespread in Methanoperedens spp., with the exception of 'Ca. M. ferrireducens', from which no nitrate reductase candidate could be detected, aside from an orphan NapA-like protein (cd02754). Phylogenetic analysis of the NarG and similar proteins ( Figure 5 ) suggests that these proteins might have been acquired at least three different times during the evolution of Methanoperedens. At the same time, the pangenomic analysis showed the three different NarG variants in their respective gene clusters ( Figure   3 and Figure 5 ).
Nitrate was rarely measured in noticeable concentrations in the LFLS test trench [3] . With a maximum concentration of 0.55 μ M during partially-oxidising conditions (after the rainfall event), it fell below detection limit (<0.01 μ M) before any Methanoperedens spp. became relatively abundant.
Historical disposal records of the waste deposited into the LFLS trenches list quantities of perchlorate/perchloric acid as being disposed in the vicinity of the sample location. Despite its highly oxidising capacity, perchlorate has been shown to be persistent in the environment [71] .
The oxidation of methane linked to the bioreduction of perchlorate has been proposed a number of times in the past [72] [73] [74] . Recent work by Xie et al. [73] and Wu et al. [74] suggest the possible involvement of ANME archaea based on chemical and amplicon data analyses. Our results indicate that this might be a reality, although further studies are needed to confirm this.
While the Nitrosotalea-related MAG LFW-283_4_5 would be expected to contribute to the nitrogen cycle as ammonia oxidising archaea, the recovered bin is partial, so we were not able to predict any proteins involved in this process (Table S14 ). No other MAG showed any indication of dissimilatory pathways for inorganic nitrogen compounds.
MAG LFW-68_2 is a versatile protein-degrading Archaea
In settings where assimilable nitrogen can be scarce, as is the case at LFLS, being able to fix N 2 can be advantageous. Dinitrogenase components I and II were only detected in the Methanoperedens spp.
MAGs with ≥ 90%C and also within a single methanogen (LFW-151_2, Table S14 ). While the dinitrogenase in LFW-151_2 can be easily defined as [MoFe]-nitrogenase, the nitrogenases of the Methanoperedens spp. MAGs do not match any specific type based on the metal center. This is concordant with previous work on the metal center of nitrogenases where the anaerobic methane oxidising Archaea were classified as "undefined" type nitrogenases [74] and likely belonging to the Nif-D lineage [75] .
However, nitrogen fixation is an energetically costly process. Sediments accumulate detrital organic matter that can provide a source of carbon and nitrogen. Some archaeal lineages such as Figure S1 ). The collection of peptidases in the genome of LFW-68_2 is especially expanded in C25.001 cysteine peptidases (15 copies), M09.002 metallopeptidases (17 copies), and M08.020 metallopeptidases (8 copies). A total of 26 extracellular peptidases provides LFW-68_2 with an exhaustive machinery for the degradation of detritic proteins.
The proteolytic capabilities of LFW-68_2 are even more exceptional than just a broad repertoire of proteases. We predicted an extracellular protease from the S12 family (PID 281199). The family S12, along with S11 and S13, constitute the SE clan which includes peptidases with specialised roles in the bacterial cell-wall metabolism, i.e. they act on D-amino acids [77] . A cytoplasmic peptidase, a M19 dipeptidase (PID 342444) was also predicted and is one of the few dipeptidases able to cleave dipeptides regardless of whether the C-terminal residue is a D-or L-isomer [78] . Lastly, we predicted a putative operon (PID 515476-85, Figure 4B ) containing homologues to the peptide-binding substrate binding protein-dependent ABC transport system (Dpp/Ddp/Opp/App/Gsi), used for the import of D,D-amino acids [79] . In contrast to other well-known examples where the operons are limited to a single gene per protein in the transport system, the organisation of the peptide-binding transport operon in LFW-68_2, i.e. DdpFDCBAFFCBA ( Figure 4B ), suggests that a duplication/rearrangement/recombination event occurred somewhere during its evolutionary history.
The above three points suggest that LFW-68_2 might not have a role in the degradation of proteins but in the degradation of D-amino acid-containing organic matter.
The D-amino acid containing necromass is one of the most recalcitrant components, often found in bacterial cell walls, as well as enriched in aged sediments, as a product of amino acid racemisation [76, 80] . The presence of the three aforementioned components (i.e. extracellular protease S12, M19 dipeptidase and oligo-/di-peptide transport system) support the hypothesis that LFW-68_2 is a detritivorous Archaea able to feed on bacterial cell walls and recalcitrant biomass.
While all other MAGs have some kind of amino acid transporters (MFS and/or ABC), the transporter systems for oligopeptides are mainly limited to App (min 4 aa chains) in Methanomicrobia.
No evidence of sulfur dissimilatory pathways was found in any of the recovered genomes.
High heme cytochromes are common in Methanoperedens spp. genomes As described above, field measurements revealed that nitrogen compounds were limited in the LFLS trenches and, while the concentration of dissolved Mn doubled during anoxic periods, the iron concentration was 200-400 times higher than Mn at any point in time [3] . Analysis of historical disposal records revealed that over 760 (intact and partially corroded) steel drums were deposited within the legacy trenches at LFLS, including in the vicinity of the collected samples [81] . The unabated redox oscillations which have occurred in the trenches over the last 60+ years and the resultant impact upon the steel drums, have likely contributed to the elevated concentrations of soluble iron observed (~0.5 to 1 mM) [3] . Our field data indicates that during rainfall events when oxygen-laden rainwater enters the reducing trench water, soluble iron, i.e. Fe(II), is oxidised to insoluble Fe(III) oxides ferrihydrite and lepidocrocite [82] . However, these initially formed, metastable iron oxides are readily removed from the water column, via reductive dissolution to Fe(II), or transformed, via Fe(II)-catalysed remineralisation, to more crystalline Fe(III) oxides including goethite [83] . Being less susceptible to microbial reduction, it is plausible that crystalline Fe(III) minerals persist in reducing trench waters over periods between rainfall events, when Fe(III) oxides could be reformed.
Utilisation of metals (e.g. Fe, Mn, Cr, U) as electron acceptors requires the presence of multi-heme cytochromes. Although multi-heme cytochromes are not intrinsically exclusively employed for the reduction of heavy metals (e.g. decaheme DmsE for DMSO reduction), multi-heme cytochromes with a high number (≥10) of heme binding sites (HHC, high heme cytochromes) are generally exclusive of microorganisms implicated in the biological reduction of metals. In our case, the screening of the Methanoperedens spp. MAGs from LFLS revealed multiple HHCs in all genomes with a minimum of 6 copies for LFW-280_1_1 (68.5%C, Table S14 ). All reference Methanoperedens spp. genomes revealed similar abundances when taking into account their relative completeness, i.e., ~10 HHC per genome. Although metal reduction has only been confirmed for M. ferrireducens and Methanoperedens spp. BLZ1 [43, 67] , our data suggests metal reduction to be a universal, or at least widespread, characteristic of Methanoperedens spp.
Previous studies indicate that Methanoperedens spp. BLZ1 and M. ferrireducens can both use ferrihydrite as electron acceptor for AOM [43, 67] . Reports showing the involvement of more crystalline forms of iron oxides in AOM are scarce, with the possibility that these organisms may drive a cryptic sulfate reduction cycle rather than a more direct Fe(III)-dependent AOM [84] .
Nonetheless, it is not clear if Methanoperedenaceae archaea or other ANME would be responsible for these observations.
Questions remain as to the role of Methanoperedens spp. with regard to the ultimate fate of iron within the legacy trenches; an important consideration given the central role that iron plays in the mobilisation/retardation of key contaminants plutonium and americium [3, 85] .
A self-sustaining DPANN?
The DPANN archaea sensu stricto (not including Altiarchaeota) are generally described as organisms with extremely reduced metabolic capacities and generally dependant on a host for the acquisition of essential metabolites such as vitamins, amino acids or even reducing equivalents [9] .
During the examination of the metabolic reconstruction of the individual archaeal genomes, it was observed that some DPANN from the LFWA-III lineage, exemplified by LFW-121_3, possess nearly complete pathways for the synthesis of amino acids, purine and pyrimidine nucleotides, riboflavin and thiamine ( Figure 6 ). The predictions derived from either Pathway Tools (via Prokka annotations) or KEGG were unusual given that when a DPANN genome lacks the biosynthetic capacity for an amino acid, all enzymes for that pathway are typically missing. However, several of the LFW-121_3 pathways had a limited number of gaps ( Figure 6 ). These alleged 'gaps', thoroughly discussed in the SI, were often related to, e.g., unusual enzymes poorly annotated in databases, or steps known to be possible to be performed by bifunctional or promiscuous enzymes. Manual curation with predicted functions from other databases combined with literature searches was able to fill some of those gaps or, at least, provide reasonable candidate proteins that may carry on those functions.
Conclusion
While the Archaea inhabiting the LFLS trench water constitute a relatively small portion of its microbial community, they have important roles in the biogeochemical cycles: methanogenesis, anaerobic methane oxidation, Fe(III) reduction, and protein degradation. The diverse Methanoperedens spp., Methanotrichaceae, and Thermoplasmata are of special relevance due to their roles in organic matter turnover (C and N), Fe cycling and dissimilatory pathways for nitrate and maybe even use of (per)chlorate as electron acceptor.
The broad phylogenetic representation of DPANN organisms, which have attracted special attention in the last few years either for their unusual characteristics or their controversial evolutionary history, is another interesting feature of the LFLS archaeal community. The proposed LFWA-III lineage is amongst the most interesting. Not only is this because they are unusually diverse or predicted to have any special metabolic functions per se, but because they have a proper central metabolism. While there is still some uncertainty about the capabilities of LFW-121_3 and closely related archaea for the biosynthesis of nucleotides de novo and amino acids, it is to date the most promising candidate to be the first bona fide free-living DPANN archaeon. This is duly reflected in the proposed name 'Ca.
Gugararchaeum adminiculabundum`, where the specific epithet translates as "self-supporting" relating to the possibility of not needing a symbiotic partner. Additional details can be found in Table S4 . Expanded completeness analysis are available in Table   S5 . 
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